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Abstract 16 
Heat treatment is commonly applied as a primary method for ensuring the microbial safety of 17 
poultry meat and to enhance its palatability. Although texture and color of cooked chicken 18 
breast meat are important quality parameters for the consumers that need to be controlled 19 
during thermal processing, studies assessing the temperature-time-dependent quality changes 20 
during thermal treatment are lacking. This work aims to investigate the texture and color 21 
changes of chicken breast meat during thermal processing and to develop kinetic models that 22 
describe these changes. We studied the storage modulus changes of chicken breast meat as 23 
function of temperature. The storage modulus increases from 55 °C until levelling off in an 24 
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equilibrium value above 80 °C, which was attributed to microstructure changes and described 25 
with a sigmoidal function. The changes in the texture (TPA) and color (CIE L*a*b*) of 26 
chicken breast meat were measured as function of temperature and time. The texture and color 27 
parameters show a rise with heating time until reaching an equilibrium value, while the rate of 28 
change increased with temperature. Kinetic models that take the non-zero equilibrium into 29 
account were developed to describe the color (lightness) and texture (hardness, gumminess 30 
and chewiness) changes with heating time and temperature. The kinetic models provide a 31 
deeper insight into the mechanisms of texture and color changes during thermal treatment. 32 
They can be used to predict the texture and color development of chicken breast meat during 33 
thermal processing and, thus, help to optimize the process.  34 
1. Introduction 35 
The worldwide consumption of poultry meat has increased more than 30 % over the last 10 36 
years (OECD, 2018). Particularly, chicken breast meat is popular among consumers due to its 37 
relative low price compared to other meat products (e.g., beef and pork meat) and  its low fat 38 
and high protein content (Guerrero-Legarreta and Hui, 2010; Magdelaine et al., 2008).  39 
To ensure the safe consumption of chicken meat it should be heated at least to an internal 40 
temperature of 72 °C (Fsis, 2000). The heating leads to changes in the microstructure, texture 41 
and appearance of the chicken breast meat and may affect the acceptance by the consumers 42 
(Lawrie and Ledward, 2006).  43 
The convective roasting (using  hot air) is the most common heating method for chicken meat 44 
in professional kitchens and the large scale food industry, but also contact frying/grilling or 45 
the cooking in hot water is often applied (Guerrero-Legarreta and Hui, 2010; Lawrie and 46 
Ledward, 2006). Different studies show that the heating methods have different impact on the 47 
texture and color of poultry meat. Barbanti and Pasquini ( 2005) reported that hot air roasting 48 
leads to tougher poultry meat samples compared to the steam cooked samples, whereas Zell et 49 
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al. ( 2010) reported that there is no significant difference in the texture of samples prepared by 50 
ohmic-heating and convectional heating. In these studies, the poultry meat samples were 51 
heated to different core temperatures and the change in the quality correlated with these 52 
temperatures. However, conventional heating methods (e.g., roasting in convection oven) lead 53 
to temperature gradients inside the meat which results in a non-uniform texture and color 54 
development. 55 
The heating of poultry meat above 55°C leads to denaturation of myoglobin protein which 56 
results in a whitening of the meat (Guidi and Castigliego, 2010). At higher temperatures 57 
Maillard reactions take place resulting in a browning of the surface and the formation of 58 
flavor components (Brunton et al., 2002). Heating also induces transversely shrinkage of the 59 
meat fibers leading to wider gabs between them, followed by longitudinal shrinkage of the 60 
fibers, solubilization of connective tissue, muscle protein aggregation and gel formation 61 
(Tornberg, 2005). This leads to changes in the microstructure (denser matrix with compact 62 
fiber arrangements) and, thus, to a toughening of the meat (Wattanachant et al., 2005). 63 
Additionally, the protein denaturation reduces the water holding capacity which results in 64 
water loss during the cooking process (Micklander et al., 2002).  65 
If the main physical factors that influence the quality of chicken meat are known, the thermal 66 
processing can be optimized to achieve the best possible quality of the meat product for the 67 
consumer. In this manner, kinetic modelling can provide a deeper understanding of the 68 
changes that occur during thermal processing and help to control and optimize the food 69 
quality (Haefner, 2005). For different muscle foods and vegetables, researchers showed that 70 
the quality degradation during thermal treatment can be described by a general rate law. The 71 
quality changes mainly follow a zero, first or second order kinetic (Ling et al., 2015; Van 72 
Boekel, 2008). To describe the relationship between the temperature and the reaction rate 73 
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constant the common Arrhenius model is mostly used (Goncalves et al., 2007; Goñi and 74 
Salvadori, 2011; Ko et al., 2007; Kong et al., 2007). 75 
There have been no systematic studies of the thermal changes of chicken meat quality with 76 
time and related kinetic models. Therefore, the aim of this study is to investigate the changes 77 
of chicken meat quality (texture and color) with time and temperature in order to develop 78 
kinetic models that describe these changes. We here present the effect of temperature and time 79 
on the texture (texture profile analyses – TPA) and color of chicken breast meat, as well as the 80 
effect of the temperature on the rheological properties of chicken breast meat.  81 
2. Kinetic modelling 82 
The irreversible change of a quality attribute Q under isothermal condition can be described 83 
by the general rate law in the following form (Eq. (1)) (Levenspiel, 1999; Van Boekel, 1996): 84 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
= −𝑘𝑘𝑄𝑄𝑛𝑛          (1)  85 
where k is the reaction rate constant (min-1 [Q]1-n), Q the quality attribute at time t (min) and n 86 
the reaction order.  87 
The temperature dependence of the reaction rate is mostly described by the Arrhenius 88 
equation (Eq. (2)): 89 
𝑘𝑘 = 𝑘𝑘0 exp �− 𝐸𝐸𝑎𝑎𝑅𝑅 𝑇𝑇�        (2) 90 
where k0 is the pre-exponential factor (min-1 [Q]1-n), Ea is the activation energy (J/mol), R is 91 
the universal gas constant (8.314 J/(mol K)) and T is the temperature in °C.  92 
Food quality changes are mostly reported to follow a zero, first or second order reaction. For 93 
isothermal conditions, integration of Eq. (1) gives: (Steinfeld et al., 1999; Van Boekel, 1996):  94 
𝑄𝑄 = 𝑄𝑄0 − 𝑘𝑘 𝑡𝑡    n = 0     (3a) 95 Q = 𝑄𝑄0 ∗ exp (−𝑘𝑘 𝑡𝑡)   n = 1     (3b) 96 
𝑄𝑄 = �𝑘𝑘 𝑡𝑡 + 1
𝜕𝜕0
�
−1
   n = 2     (3c) 97 
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where Q0 refers to the initial quality value.  98 
The common rate law in the form of Eq. (1) is not taking into account that most foods retain a 99 
constant measurable (non-zero) degree of quality (for example firmness and color) even after 100 
long heating times (Rizvi and Tong, 1997). To account for this non-zero equilibrium a 101 
modified rate law is used with the following forms:  102 
Eq. (4a) when the non-zero equilibrium is smaller than the initial quality value (e.g. softening 103 
of the texture):  104 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
= −𝑘𝑘 (𝑄𝑄 − 𝑄𝑄∞)𝑛𝑛  Q0 ≥ Q ≥ Q∞     (4a) 105 
 and Eq. (4b) when the non-zero equilibrium is larger  than the initial quality value (e.g.  106 
toughening of the texture): 107 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
= 𝑘𝑘 (𝑄𝑄∞ − 𝑄𝑄)𝑛𝑛  Q0 ≤ Q ≤ Q∞     (4b) 108 
where Q∞ is the final non-zero equilibrium quality value after long heating times.  109 
For isothermal conditions, integration of Eq. 4b for a first and nth order leads to Eq. (5a) and 110 
Eq. (5b), respectively: 111 
𝑄𝑄 = 𝑄𝑄∞ − (𝑄𝑄∞ − 𝑄𝑄0) ∗ exp (− 𝑘𝑘 𝑡𝑡)    n = 1  (5a) 112 
𝑄𝑄 = 𝑄𝑄∞ − [𝑘𝑘𝑡𝑡(𝑛𝑛 − 1) + (𝑄𝑄∞ − 𝑄𝑄0)1−𝑛𝑛] 11−𝑛𝑛  n ≠ 1  (5b) 113 
For this study, Eq. (4b) is used to describe the quality changes (texture and color) of chicken 114 
breast meat. Therefore, only the integrated forms of this equation are shown here for clarity. 115 
For a first order reaction (Eq. (5a)) the same form as the fractional conversion model 116 
(proposed by Rizvi and Tong (1997) for food quality changes) is obtained. Instead of 117 
assuming the order of the reaction, it is, however, more appropriate to estimate the reaction 118 
order n together with the other kinetic parameters by solving and fitting the differential form 119 
of the kinetic model (Eq. (4a) or Eq. (4b)) to the experimental data set (see section 3.4). 120 
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3. Materials and methods 121 
3.1. Raw material 122 
Chilled (4 °C) chicken breast meat (without skin and bone) was obtained from a local 123 
supermarket (the same day as the experimental tests) and stored at 2 °C until preparation for 124 
the experiments.  125 
3.2. Rheological measurement 126 
For the rheological measurement the chicken meat was sliced along the fiber direction using 127 
an electrical meat slicer (AM 300, Minerva Omega group s.r.l., Italy) and circular samples 128 
with a height of 3 ± 0.5 mm and a diameter of 35 ± 1 mm were cut using a cork borer.  129 
The rheological characteristics of whole chicken breast meat were measured using a 130 
controlled stress rheometer (Haake Mars Rheometer, Type 006-0572; Thermo Fisher 131 
Scientific, USA) equipped with a 35 mm parallel plate attachment. Both plates were serrated 132 
to prevent any unwanted slipping and the rheometer was complemented with a temperature 133 
controller to precisely control (± 0.5 °C) and monitor the sample temperature. Dynamic 134 
rheological measurements were performed as described by Hashemi and Jafarpour (2016). 135 
One chicken disc sample was loaded between the plates and the sample sides covered with a 136 
thin layer of silicon oil to minimize the moisture evaporation with increasing temperature. 137 
The sample was held at 25°C (starting temperature) for 5 min to ensure equilibrium. 138 
Afterwards, the sample temperature was increased stepwise from 25 to 85 °C with steps of 5 139 
°C and holding times of 3 min at every temperature step before measurements (recording the 140 
data). The holding time was chosen as no further changes in the storage modulus were found 141 
for longer holding times (> 3min). All dynamic oscillating analyses were performed with a 142 
gap of 3 mm between the plates, a constant stress of 6 Pa and a constant frequency of 1 Hz. 143 
The constant value for the stress was chosen within the linear viscoelastic region that was 144 
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determined by performing stress sweeps (0.1 – 1000 Pa). Changes in the storage modulus G’ 145 
(elastic property), complex modulus G’’ (viscous property) and phase angle (ratio of loss 146 
modulus to storage modulus) were recorded directly by the rheometer software (Haake 147 
RheoWin 4).  148 
3.3. Texture and color measurements 149 
For the texture and the color measurements disked shaped chicken meat samples with heights 150 
of 6 ± 0.5 mm and diameters of 21 ± 1 mm and were prepared according to section 3.2. Thin 151 
samples were used to ensure a fast heating to the desired temperature and to achieve a 152 
uniform temperature within the chicken meat by reducing the time for internal heat transport. 153 
The samples were heated in a thermostatic water bath with circulating water (SW22, Julabo 154 
GmbH, Germany) at 5 different temperatures (50, 65, 75, 85 and 95 °C) with varying heating 155 
times (see Table 1). In order to control the sample temperature and moisture content, water as 156 
a heating medium was chosen, as it allows a fast heating of the samples and avoids water loss 157 
from the samples (the total moisture loss from the chicken meat was less than 6 %) (Thussu 158 
and Datta, 2012). 159 
 160 
Table 1: Heating the chicken meat samples at different water bath temperatures and cooking times. 161 
 162 
Water bath 
temperature [°C] 
Cooking times 
[s] 
50 200,  400,  600,  800,  1000,  1200 
65 100,  200,  300,  400,  500,  600,  800,  1000 
75 50,  100,  150,  200,  250,  300,  400,  600,  800 
85 50,  100,  150,  200,  250,  300,  400 
95 50,  100,  150,  200,  250,  300,  400 
 163 
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The water bath was filled with demineralized water and preheated for 30 minutes to achieve 164 
the desired temperatures and to ensure steady state conditions. The temperature of the water 165 
bath as well as the sample temperature was monitored during the heat treatment using 166 
thermocouples (type T). As the samples were thinly sliced, temperature equilibrium was 167 
reached for every time step. After heating the samples in the water bath, they were 168 
immediately placed in ice water for approximately 30 to 60 seconds to cool down the 169 
samples. Subsequently, excess moisture was removed with a filter paper. The samples were 170 
sealed in aluminum cups and stored for 2 hours at room temperature prior to further analysis. 171 
3.3.1. Texture Profile Analysis 172 
The texture of raw and cooked chicken breast meat was analyzed using a TA.XTplus (Stable 173 
Micro Systems, UK) texture analyzer with a 30 kg load cell. Double compression tests (TPA) 174 
were performed according to the procedure described by Bourne (2002) with a cylindrical 175 
probe of 50 mm diameter at room temperature. The probe contact area for all samples was 176 
350 mm2 and the samples were compressed to a final strain of 40 % with a test speed of 1 177 
mm/s. The time interval between the first and the second stroke was 5 s. From the force-time 178 
plot of the double compression test the TPA parameters hardness, cohesiveness, springiness, 179 
gumminess and chewiness were calculated (Bourne, 2002).  180 
3.3.2. Color measurements 181 
The color of the chicken disc samples before and after cooking was measured using a hyper 182 
spectral imaging system (VidometerLab 2, Videometer A/S, Denmark) which allows 183 
measuring the color of the whole sample surface. The Videometer is widely used for imaging 184 
food samples, for example for assessing the quality of minced beef after a frying process 185 
(Daugaard et al., 2010). The device was calibrated radiometrically using a diffuse white as 186 
well as dark target and geometrical calibration was performed with a geometric target. The 187 
light setup of the device was then adjusted to chicken breast meat (Hansen, 1999).  188 
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The sample was placed in a petri dish under the camera and an image was taken. Afterwards, 189 
the image was processed using the software package MATLAB (R2017a, The Mathworks 190 
Inc., MA, USA) and the color of the raw and cooked chicken meat samples was obtained in 191 
the L*a*b* system. The L* defines the color lightness of the product (varies from 0 for white 192 
to 100 for black), a* indicates the color degree between red and green (a negative value 193 
indicates green color and a positive value indicates red color) and b* specifies the color 194 
degree between yellow and blue (negative values indicate blue colors and positive values 195 
yellow colors). The total color difference ΔE is defined by Eq. (9): 196 
∆𝐸𝐸 = �(𝐿𝐿 − 𝐿𝐿0)2 + (𝑎𝑎∗ − 𝑎𝑎∗0)2 + (𝑏𝑏∗ − 𝑏𝑏∗0)2    (9) 197 
with L0 = 66.95 ± 1.62, a0* = 5.05 ± 0.70 and b0* = 18.95 ± 1.16 the lightness, redness and 198 
yellowness of the raw chicken meat, respectively.  199 
3.4. Parameter estimation 200 
MATLAB (R2017a, The Mathworks Inc., MA, USA) was used to solve the ordinary 201 
differential equations that describe the quality changes (Eq. (4a) and Eq. (4b)) and to estimate 202 
the kinetic parameters. The parameters were estimated using non-linear least squares 203 
(lsqnonlin solver in MATLAB) (minimization of the sum of squared differences between the 204 
predicted (Qpredicted) and measured (Qexperiment) quality changes) and the bootstrap method with 205 
1000 bootstrap samples (Efron, 1979). A detailed description of the Bootstrap method can be 206 
found in Sin and Gernaey (2016). 207 
3.5. Statistical analysis 208 
The precision of the calculated parameters was assessed by confidence intervals at 95 %. 209 
Furthermore, the residuals randomness and normality was used to evaluate the quality of the 210 
regression. All experiments were repeated four times and the values from the rheological, 211 
texture and color measurements presented as mean values ± 95 % confidence intervals. One-212 
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way ANOVA analyses and Tukey multiple range tests were performed to evaluate the 213 
influence of the heating time and temperature on the texture and on the color changes of 214 
chicken breast meat. Chi-square test was used to evaluate the goodness-of-fit. For all 215 
statistical analyses a significance level of P < 0.05 was used. 216 
4. Results and discussion 217 
4.1. Rheological changes  218 
The changes of the storage modulus G’ and the phase angle γ as function of the sample 219 
temperature were recorded as shown in Fig.1. In the range of 25 and 55 °C the storage 220 
modulus does not change with the temperature. However, from 60 to 80 °C, G’ increases 221 
sharply with increasing sample temperature, and reaches a maximum plateau (around 92 kPa) 222 
above 80 °C. The phase angle (the ratio of loss modulus to storage modulus) decreases over 223 
the whole temperature range, while an accelerated decrease is observed for sample 224 
temperatures above 50 °C.  225 
 226 
Fig. 1  Change of the storage modulus (kPa) and phase angle (degree) for chicken breast meat as function of sample 227 
temperature. Bars indicate the 95 % confidence intervals (n = 4). 228 
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 229 
Tornberg, (2005) observed a similar behavior of the storage modulus for whole beef meat 230 
with rising temperature. However, the storage modulus for beef meat increases earlier (around 231 
50 °C) and also the maximum value is slightly lower (around 80 kPa) than for the chicken 232 
breast meat (92 ± 2 kPa). The different behavior of chicken breast meat compared to whole 233 
beef meat could be explained by an overall higher protein quality and quantity in chicken or 234 
broiler meat (16 % higher myofibrillar protein content) compared to beef meat (Montejano et 235 
al., 1984; Mudalal et al., 2014; Tornberg, 2005). 236 
The storage modulus indicates the change in the meat microstructure due to protein 237 
denaturation that results in a toughening of the meat. Around a temperature of 62 °C myosin 238 
starts to denature, followed by collagen at 70 °C and actin at 82 °C (Bircan and Barringer, 239 
2002). This leads to structural changes inside the meat by longitudinal and transversal 240 
shrinkage of meat fibers and solubilization of connective tissue. As a result, the meat becomes 241 
more compact and harder leading to the increase of the storage modulus with rising 242 
temperature (Tornberg, 2005).  243 
The change of the storage modulus with temperature can be described as a sigmoidal curve 244 
(solid line, Fig. 1) with the following equation:  245 
𝐺𝐺′ = 𝐺𝐺′𝑚𝑚𝑚𝑚𝑚𝑚 + (𝐺𝐺′0−𝐺𝐺′𝑚𝑚𝑎𝑎𝑚𝑚)
1+exp�
𝑇𝑇−𝑇𝑇�
∆𝑇𝑇
�
       (10) 246 
where G’max = 92 ± 2 kPa refers to the maximum storage modulus for chicken meat and G’0 = 247 
13.5 ± 1.3 kPa to the initial storage modulus. 𝑇𝑇� = 69 ± 1°C and ΔT = 4 ± 0.6 °C are fitting 248 
parameters that were estimated using the bootstrap method (see section 3.4). 249 
4.2. Texture changes 250 
The TPA parameters hardness (Ha), gumminess (Gu) and chewiness (Cw) increase 251 
significantly (P < 0.01) with heating time (Fig. 2a-c). They all show a similar behavior with a 252 
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steeper slope in the beginning, a gradually levelling-off with increasing heating time until the 253 
texture parameters reach a constant value (equilibrium). The rate (slope) of the texture change 254 
is influenced by the temperature, with steeper slopes at higher temperatures.  255 
 256 
  
 
Fig. 2  Changes of the TPA parameters: a) hardness, b) gumminess and c) chewiness with heating time and sample 
temperature fitted with the modified rate law. Symbols with bars indicate the experimental mean values with the 95 
% confidence intervals and the solid lines indicate the model fit (n = 4). 
 257 
The changes of cohesiveness and springiness with temperature and time are summarized in 258 
Table 2. The cohesiveness shows an increase with time until reaching an equilibrium value, 259 
similar to hardness, gumminess and chewiness. The springiness shows a decrease in the 260 
beginning (50 – 200 s), after which it is also reaching an equilibrium value. However, no 261 
significant influence of the temperature on the springiness was found.  262 
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Table 2: Measured values of the TPA parameters cohesiveness and springiness of chicken breast meat with time and 263 
temperature.   264 
 265 
 Cohesiveness  Springiness 
Time 
[s] 
Temperature [°C]  Temperature [°C] 
50 65 75 85 95  50 65 75 85 95 
0 
 
0.573 
± 0.038 
0.573 
± 0.038 
0.573 
± 0.038 
0.573 
± 0.038 
0.573 
± 0.038 
 91.98 
± 1.57 
91.98 
± 1.57 
91.98 
± 1.57 
91.98 
± 1.57 
91.98 
± 1.57 
50 
 
- - 0.596 
± 0.028 
0.589 
± 0.021 
0.598 
± 0.001 
 - - 68.38 
± 5.37 
72.80 
± 2.78 
71.60 
± 0.94 
100 
 
- 0.574 
± 0.015 
0.543 
± 0.024 
0.578 
± 0.038 
0.644 
± 0.031 
 - 83.02 
± 1.55 
79.32 
± 5.18 
72.18 
± 3.59 
73.08 
±3.73 
150 
 
- - 0.606 
± 0.039 
0.683 
±0.046 
0.675 
± 0.031 
 - - 75.30 
± 3.53 
75.71 
± 4.98 
75.08 
± 5.18 
200 
 
0.619 
± 0.013 
0.599 
± 0.026 
0.624 
± 0.011 
0.676 
± 0.033 
0.685 
± 0.038 
 70.72 
± 5.4 
76.71 
± 3.02 
74.91 
± 2.15 
75.60 
± 5.64 
75.24 
± 3.86 
250 
 
- - 0.626 
± 0.001 
0.681 
± 0.036 
0.714 
± 0.031 
 - - 84.46 
± 3.92 
75.20 
± 5.50 
78.65 
± 3.62 
300 
 
- 0.604 
± 0.060 
0.642 
±0.011
3 
0.740 
± 0.048 
0.712 
± 0.042 
 - 66.56 
± 5.57 
70.21 
± 6.32 
81.14 
± 2.50 
76.65 
± 3.84 
400 
 
0.601 
± 0.038 
0.623 
± 0.029 
0.677 
± 0.021 
0.692 
± 0.036 
0.699 
± 0.035 
 74.45 
± 1.29 
78.60 
± 0.74 
82.52 
± 6.93 
76.11 
± 3.00 
71.71 
± 3.92 
600 
 
0.587 
± 0.027 
0.655 
± 0.023 
0.695 
± 0.037 
- -  66.08 
± 6.95 
72.98 
± 2.00 
79.44 
± 7.34 
- - 
800 
 
0.571 
± 0.007 
0.652 
± 0.044 
0.709 
± 0.013 
- -  74.07 
± 1.64 
73.53 
± 3.98 
76.62 
± 5.81 
- - 
1000 
 
0.588 
± 0.021 
0.646 
± 0.036 
- - -  68.96 
± 1.43 
69.02 
± 5.27 
- - - 
1200 0.605 
± 0.015 
- - - -  78.59 
± 4.00 
- - - - 
 266 
Under thermal treatment the meat proteins denature stepwise with different mechanisms for 267 
each temperature interval. In the temperature range from 40 to 50 °C, collagen fibers partially 268 
denature and straighten, leading to a first toughening of the meat (Lewis and Purslow, 1989). 269 
Further temperature increase leads to denaturation and shrinkage of myofibrillar proteins as 270 
well as dehydration and shrinkage of actomyosin, resulting in a supplementary toughening of 271 
the meat (Christensen et al., 2000; Tornberg, 2005). The rate of the protein denaturation 272 
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increases with increasing temperature of the sample, resulting in a faster toughening of the 273 
meat at higher temperatures (Bailey and Light, 1989).  274 
Wattanachant et al. (2005) investigated the change of the chicken meat microstructure at 275 
different core temperatures. They showed that the microstructure of chicken meat became 276 
denser with more compact fiber arrangements at increasing internal temperature. However, no 277 
further toughening of the texture above 80 °C was observed. Furthermore, the storage 278 
modulus of chicken breast meat, G’, is reaching an equilibrium value for temperatures above 279 
80 °C (see Fig. 1, section 4.1), indicating no further changes in the microstructure due to 280 
protein denaturation. These observations could explain why there is no significant difference 281 
between the slope as well as the equilibrium values of hardness (P > 0.05), gumminess (P > 282 
0.05) and chewiness (P > 0.05) for sample temperatures of 85 to 95 °C. 283 
For the TPA parameters hardness, gumminess and chewiness (Fig. 2a-c) a small plateau is 284 
visible before reaching the equilibrium value especially at 50 and 65 °C. Feyissa et al. (2013) 285 
showed that the microstructure of meat is changing dramatically during the cooking. Protein 286 
denaturation leads to pore formation, decrease in the water holding capacity (WHC) and water 287 
migration into the spaces between the muscle fibers. For chicken breast meat, Van der Sman 288 
(2013) showed that the WHC is a function of temperature. The unbound water could work as 289 
a plasticizer leading to the small plateau before further denaturation results in the further 290 
toughening of the meat until the equilibrium is reached (Hughes et al., 2014).  291 
Eq. (4b) (Q∞ is larger than the initial value Q0) was used to model the changes in the TPA 292 
parameters hardness, gumminess and chewiness with temperature and time. The Arrhenius 293 
equation (Eq. (2)) is used to describe the temperature dependence of the rate constant k. By 294 
solving and fitting Eq. (4b) to the experimental data set the equilibrium values Q∞, the 295 
activation energies Ea, the pre-exponential factors k0 and the reaction orders n were estimated 296 
(see section 3.4).  297 
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 The obtained individual equilibrium values for hardness (Ha∞), gumminess (Gu∞) and 298 
chewiness (Cw∞) vary with temperature (see Fig. 2a-c) and are described by Eq. (11a-c):  299 
 300 
where Qmax, 𝑇𝑇� and ΔT are fitting parameters. The corresponding parameters are presented in 301 
Table 3. The changes of the equilibrium values with temperature show a similar behavior as 302 
the change of the storage modulus with temperature (see Fig. 1). This indicates that the degree 303 
of structural changes due to protein denaturation is responsible for the change in the 304 
equilibrium value with temperature.   305 
 306 
Table 3: Estimated parameters for Eq. (7a-c) to describe the equilibrium of hardness, gumminess and chewiness of 307 
chicken meat as a function of temperature. 308 
 309 
 Qmax [N] Q0 [N] 𝑻𝑻� [°C] ΔT [°C] 
Hardness Ha∞ 55.2 ± 3.5   14 ± 1.4  45 ± 1.5 4 ± 1.1 
Gumminess Gu∞ 38.6 ± 2.2  7 ± 1.1 47 ± 2.1 8 ± 1.4 
Chewiness Cw∞ 28.5 ± 1.7 6.9 ± 1.5 50 ± 2.9 10 ± 2.1 
 310 
Hardness Ha∞(T) = 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑄𝑄0 − 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚1 + exp �𝑇𝑇−𝑇𝑇�
∆𝑇𝑇
�
 (11a) 
Gumminess Gu∞(T) = 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑄𝑄0 − 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚1 + exp �𝑇𝑇−𝑇𝑇�
∆𝑇𝑇
�
 (11b) 
Chewiness Cw∞(T) = 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑄𝑄0 − 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚1 + exp �𝑇𝑇−𝑇𝑇�
∆𝑇𝑇
�
 (11c) 
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The results for the estimated activation energies Ea, pre-exponential factors k0 and reaction 311 
orders n are summarized in Table 4 with the corresponding 95 % confidence intervals. As 312 
shown in Fig. 2a-c the developed kinetic models (solid lines) can describe the changes in 313 
hardness, gumminess and chewiness with time and temperature (X2hardness = 4.05, X2gumminess = 314 
3.15, X2chewiness = 39.67, P > 0.05). 315 
 316 
Table 4: Obtained kinetic parameters for the change of the TPA parameters (hardness, gumminess and chewiness) of 317 
chicken meat with time and temperature.  318 
 319 
Texture index n Ea (kJ/mol) k0 (min-1 [Q]1-n) x 10-3 X2 
Hardness (N)  1.12 ± 0.11 39.3 ± 2.7 196 ± 8.3  4.05 
Gumminess (N) 0.98 ± 0.06 35.9 ± 2.2 64 ± 4.1 3.15 
Chewiness (N) 1.01 ± 0.09 44.6 ± 3.5 773 ± 29  39.67 
 320 
The obtained activation energies Ea for hardness, gumminess and chewiness are 39.3 ± 2.7, 321 
35.9 ± 2.2 and 44.6 ± 3.5 kJ/mol, respectively. The values are in the same range as reported 322 
by other authors for textural changes of different foods (10 - 100 kJ/mol) (Ling et al., 2015): 323 
for example mussels (65 kJ/mol) (Ovissipour et al., 2013), pumpkin (72 kJ/mol) (Goncalves 324 
et al., 2007) or mushrooms (15 kJ/kg) (Ko et al., 2007). 325 
4.3. Color changes 326 
Fig. 3a-d show the changes of chicken meat color (CIE L*, a*, b*) with heating time.  327 
During thermal treatment in a moist surrounding chicken breast meat becomes white, leading 328 
to significant changes in the color values compared to the raw chicken meat color. For 329 
temperatures of 75 to 95 °C the values of lightness L* and total color difference ΔE (Eq. (1)) 330 
rise rapidly until levelling off and reaching an equilibrium value of 87 ± 0.72 and 21 ± 0.67 , 331 
respectively (Fig. 3a and 3b). However, for 85 and 95 °C no significant difference (P < 0.01)) 332 
was found between the slopes of the curves. For temperatures of 65 and 50 °C the slope of the 333 
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curve decreases significantly (P < 0.01). For 65 °C the same equilibrium value is reached as 334 
for 95, 85 and 75 °C, while for 50 °C the equilibrium value for the lightness L* and total color 335 
change ΔE is at 82 ± 0.63 and 15 ± 0.57, respectively (Fig. 3a and 3b). 336 
  
  
 
Fig. 3  Changes of the chicken meat color with heating time and sample temperature: a) lightness (L*), b) total color 
difference (ΔE), c) redness (a*) and d) yellowness (b*). Symbols with bars indicate the experimental mean values with 
the 95 % confidence intervals (n = 4). The solid line in a) shows the model fit. 
 337 
For temperatures of 65 to 95 °C, the a* and b* values decrease with time until reaching an 338 
equilibrium, while the slopes of the curves increase with rising temperature. At 50 °C the a* 339 
value first increases before it is decreasing and levelling off to an equilibrium value (Fig. 3c). 340 
The b* value is first slightly decreasing at 50 °C until reaching an equilibrium which is just 341 
marginally beneath the b* value for the raw sample (Fig. 3d).  342 
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During the heating heme proteins (hemoglobin and myoglobin) denature resulting in the 343 
whitening of the muscle. Hemoglobin and myoglobin are relatively heat stable and 344 
completely denature at temperatures around 65 to 80 °C while the rate and degree of 345 
denaturation increases with temperature (Lawrie and Ledward, 2006; Martens et al., 1982). 346 
For temperatures below the denaturation temperature of myoglobin (< 65 °C) the color 347 
change cannot be explained just by heme protein denaturation. However, structural changes, 348 
initiated from the denaturation of myofibrillar proteins and other structural proteins, could 349 
lead to a higher light scattering and optical masking of heme-proteins causing a lighter 350 
product (Hughes et al., 2014; Martens et al., 1982).  351 
The changes in the lightness L* of chicken breast meat for the tested temperature (50-95 °C) 352 
and time range (50 – 1200 s) were modeled using Eq. (4b) (Q∞ is larger than the initial value 353 
Q0). The Arrhenius equation (Eq. (2)) is used to describe the temperature dependence of the 354 
rate constant. By solving and fitting Eq. (4b) to the experimental data set, the activation 355 
energy Ea, the pre-exponential factor k0 as well as the reaction order n were estimated (see 356 
section 3.4). The estimated value for the activation energy, pre-exponential factor k0 and 357 
reaction order n are 101.59 ± 7.83 kJ/mol, 2.65 x 1015 ± 1.97 x 1014 min-1 and 1.1 ± 0.06, 358 
respectively. The developed kinetic model (solid lines in Fig. 3a) can describe the change in 359 
lightness with time and temperature (X2lightness = 1.29, P > 0.05).  360 
The obtained Ea value for the change in the lightness L* (101.59 ± 7.83 kJ/mol) is within the 361 
same range reported for the color changes of different muscle foods and vegetables (80 to 120 362 
kJ/mol) (Ling et al., 2015): salmon (88 kJ/mol) (Kong et al., 2007), beef (81 kJ/mol) (Goñi 363 
and Salvadori, 2011) or pumpkin (120 kJ/mol) (Goncalves et al., 2007).  364 
Conclusion 365 
In this study, we developed kinetic models that describe the texture and color changes of 366 
chicken breast meat as function of temperature and heating time. The TPA parameters 367 
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hardness, gumminess and chewiness as well as the color parameter lightness increase with 368 
heating time until reaching an equilibrium value. The rate of the texture and color changes 369 
increases with temperature due to a faster protein denaturation. The color and texture changes 370 
were fitted to a modified rate law that takes the non-zero equilibrium into account. The 371 
resulting kinetic models well describe the measured quality changes. Moreover, the change in 372 
the storage modulus of chicken breast meat with temperature was evaluated and the 373 
development was well described with a sigmoidal function. The storage modulus increases 374 
sharply between 60 and 80 °C due to heat-induced protein denaturation which leads to 375 
changes in the microstructure of the chicken meat.  376 
Overall, the developed kinetic models and rheological properties provide a deeper 377 
understanding of the mechanism of the quality changes during the thermal processing of 378 
chicken breast meat. These can be coupled to physical based models (such as heat and mass 379 
transfer) enabling the prediction of quality changes during thermal processing. This means 380 
that the spatial quality attributes can be predicted from the local temperature development 381 
with time, thus, helping to optimize the process settings for thermal treatments of foods to 382 
obtain the optimal quality for the consumer.  383 
  384 
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 385 
Nomenclature 
  
t  time (min) 
Q quality attribute  
T  temperature (°C) 
f  quality index (-) 
n  reaction order 
k  reaction rate constant (min-1 [Q]1-n) 
k0 pre-exponential factor (min-1 [Q]1-n) 
Ea activation energy (J/mol) 
R gas constant (8.314 J/mol K) 
L*, a*, b* color dimensions (-) 
ΔE the total color difference (-) 
G’ storage modulus (Pa) 
Ha hardness (N) 
Gu,  gumminess (N) 
Cw chewiness (N) 
  
Subscripts  
0 initial value  
∞ equilibrium value  
  386 
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